attack on cytosine is 5,6-dihydroxy-5,6-dihydrocytosine (cytosine glycol), which is unstable and hydrates to form 5-Biological Institute, Graduate School of Science, Tohoku University, Sendai hydroxycytosine (5-OHC) or deaminates to form uracil glycol, 980-8578 and 1 Department of Radiology, School of Veterinary Medicine, University of Osaka Prefecture, Sakai 599-8531, Japan which can further dehydrate to form 5-hydroxyuracil (5-OHU).
Introduction showed T→C transitions, implying that thymine glycol is Reactive oxygen species (ROS) and the oxidative DNA damage mutagenic. These authors, however, observed that thymine produced by ROS are involved in cellular processes such as glycol was not detectably mutagenic in double-stranded DNA. mutagenesis, carcinogenesis and aging (Ames, 1983; Ames Thymine glycol is repaired by the E.coli endoIII and et al., 1993; . ROS are generated in endoVIII enzymes, which are encoded by the nth and nei cells by ionizing radiation, a variety of chemical agents genes, respectively. An E.coli nth nei double mutant is hyperand normal metabolism, and thus oxidative DNA damage sensitive to X-rays and exhibits a spontaneous mutator phenocontributes to both spontaneous and induced mutations. Of the type with 20-fold higher mutation frequency as measured by many types of oxidative DNA damage known, 8-hydroxyrifampin sensitivity (Jiang et al., 1997a; Saito et al., 1997) . guanine is a well-investigated purine lesion which mispairs This double mutant is also extremely sensitive to H 2 O 2 and with adenine during DNA replication to induce G:C→T:A shows an 8.4-fold higher spontaneous mutation frequency in transversion mutations (Kasai and Nishimura, 1984; Wood Arg ϩ His ϩ revertants (Saito et al., 1997 ). X-rays and H 2 O 2 et al Shibutani et al., 1991; Cheng et al., 1992; Moriya, are both exogenous sources of ROS generation and introduce 1993). 8-Hydroxyguanine residues in DNA can be removed thymine glycol in DNA molecules with other types of damage by an enzyme encoded by the mutM gene of Escherichia coli (Boiteux et al., 1992) . Thus, thymine glycol may be involved to prevent G:C→T:A transversion mutations (Chung et al., in the increase in mutation frequency in nth nei double mutants. 1991; Michaels et al., 1991; Bessho et al., 1992) .
We investigated the mutagenic potential of thymine glycol ROS can also attack pyrimidines and generate various using an E.coli nth nei double mutant as the host strain. We pyrimidine modifications Boiteux et al., evaluated the mutation frequency and analyzed the mutation 1992). The 5,6 double bonds of pyrimidines are vulnerable to ROS attack, and for thymine, 5,6-dihydroxy-5,6-dihydrothyspectrum of the E.coli supF gene in the plasmid pTN89 (Obata The oligonucleotide 5Ј-GTACACGAGGCCCTT-3Ј used as the primer for DNA sequencing was purchased from Sawady Technology Co. Ltd (Tokyo, Japan).
Mutational specificity test using strains CC101-CC106
Five or more independent cultures of SY5, NKJ2002, NKJ2003 and NKJ2004 carrying FЈ derived from CC101-CC106 were grown overnight in M9 medium. The cells were washed by centrifugation, then serial dilutions were made. Appropriate dilutions were plated on minimal lactose plates for Lac ϩ reversion assay and minimal glucose plates to count the number of viable cells. The viable cells were counted after 2 days incubation at 37°C, and Lac ϩ revertants were counted after 3 days.
Treatment of plasmid pTN89 with OsO 4 pTN89 (5.52 µg in TE buffer consisting of 10 mM Tris-HCl, pH 7.6, 1 mM EDTA, pH 8.0) was treated with 0.5 and 1.0% OsO 4 at 65°C for 10 min (Kow and Wallace, 1987) . The reaction was terminated by keeping on ice for 1 min and the plasmid was collected by chromatography on DE-52 (Whatman, Fairfield, NJ) eluted with 2 M NaCl. Following ethanol precipitation, oxidized DNA was resuspended in TE buffer. To determine whether plasmids contained thymine glycol, DNA was incubated with E.coli endoIII, which had been Fig. 1 . Mutational specificity of nth nei strain NKJ2004. FЈ lac pro purified as described (Asahara et al., 1989) , in 20 µl reaction mixtures episomes derived from six strains (CC101-CC106) (Cupples and Miller, containing 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, pH 8.0, 100 mM NaCl 1989) carrying different lacZ -alleles were transferred to SY5 (wild-type), for 30 min at 37°C, and conversion of form I pTN89 to open circular form NKJ2002 (nth), NKJ2003 (nei) and NKJ2004 (nth nei). CC101-CC106 F II was determined by electrophoresis on 0.7% agarose gels. episomes have different mutations at the same coding position in the lacZ Transfection and supF mutant analysis gene, which specifies the active site glutamic acid residue at position 461 in pTN89 treated or untreated with OsO 4 was introduced into NKJ1004 (nth nei) β-galactosidase. Each strain is Lac -and reverts to Lac ϩ only by restoring by electroporation and the cells were grown at 37°C overnight in 2.5 ml of the glutamic acid codon. The strains were designed so that each reverts via LB broth supplemented with Ap to allow processing and replication of the one of the six base substitutions. The number of Lac ϩ revertants in plasmids and the progeny plasmids were extracted from the cells. Progeny overnight cultures of each strain was monitored. Each value represents the plasmids derived from individual transfectants were assayed separately for average of two or three independent experiments. mutant supF genes to distinguish mutations that occurred from normal siblings. KS40/pOF105 cells were transformed with the plasmid extracted from NKJ1004 by electroporation and transformants with mutant supF were plated et al., 1998) for spontaneous and OsO 4 -induced events. We on minimal glucose plates containing Nal, Sm, Ap and Cm (Obata et al., also observed the LacZ ϩ reversion mutation spectrum using 1998). The total number of transformants was determined by plating a portion the CC101-CC106 FЈ system (Cupples and Miller, 1989) . We of the cells on LB plates containing Ap and Cm after overnight incubation at found that G:C→A:T transitions occurred predominantly in 37°C. Strain KS40/pOF105 is resistant to Sm and Nal if it contains a mutant the three assay systems. Our observations therefore suggested supF, whereas cells carrying an active supF do not produce colonies on such plates. The minimal glucose plates were incubated at 37°C for 24 h. Sm-and that thymine glycol is not a mutagenic lesion and that the nth Nal-resistant colonies were restreaked on LB plates containing X-gal and nei double mutant is a G:C→A:T transition mutator, probably IPTG, and one of the white colonies was picked for further analysis. Mutation because of a repair defect of uracil glycol, 5-OHC and 5-OHU.
frequency was calculated according to Akasaka et al. (1992) .
DNA sequencing

Materials and methods
Plasmid DNA was extracted from a putative supF mutant transformant and Bacterial strains and plasmids transfected into XL1-BlueMRFЈ where single-stranded DNA was prepared by infection with M13KO7 helper phage. DNA was sequenced by the dideoxy Escherichia coli NKJ1004 (Saito et al., 1997) and NKJ2004 (Shimamura chain termination method using an automated sequencer model 373A (Applied et al., 1997) were used for mutagenesis experiments. NKJ1004 is a derivative Biosytems Inc., Foster City, CA). The polymerization reaction was primed of AB1157 (Howard-Flanders et al., 1966) and has the alleles ∆nth::Cm and with the appropriate primer. ∆nei::Km. SY5 is an FЈ-negative derivative of JM107 (Yanisch-Perron et al., 1985) . NKJ2002, NKJ2003 and NKJ2004 are derivatives of SY5 and have the alleles ∆nth::Cm, ∆nei::Km and ∆nth::Cm ∆nei::Km, respectively. The F
Results
episome from strains CC101-CC106, derived from P90C (Cupples and Miller, 1989) , was transferred to SY5, NKJ2002, NKJ2003 and NKJ2004. Each strain
Characterization of lacZ reversion mutations in an nth nei
carries a different lacZ -mutation at codon 461, which reverts to GAC double mutant strain (specifying glutamic acid) via a specific base substitution in each case (see We recently reported the weak mutator phenotype of the nth also Figure 1 ). Only glutamic acid at position 461 results in the Lac ϩ phenotype. Escherichia coli KS40 (lacZam gyrA rpsL) (Akasaka et al., 1992) , nei double mutant of E.coli, which has almost no thymine derived from MBM7070 (Seidman et al., 1985) , harbors pOF105 (Obata et al., glycol glycosylase activity, using simultaneous reversion from 1998) which carries the gyrAam and rpsLam genes in the pACYC plasmid argE his-6 to Arg ϩ His ϩ (Saito et al., 1997) . This mutation and is designated KS40/pOF105. Escherichia coli XL1-BlueMRFЈ (Stratagene) has been shown to arise only from G:C→A:T transitions was used as the host for M13KO7, which was used to prepare single-stranded (Ruiz-Rubio et al., 1988) . In other words, reversion from argE DNA for DNA sequencing. Plasmid pTN89 carries the E.coli supF and ampicillin resistance genes, f1 replication origin and SV40 T antigen (Obata his-6 to Arg ϩ His ϩ can never detect A:T site mutagenesis. Therefore, it has not been determined whether thymine glycol
Media and reagents
is a mutagenic lesion in vivo. In this study, the mutator Luria-Bertani (LB) broth, LB plates, minimal glucose plates, minimal lactose phenotype of an nth nei double mutant was investigated using plates, M9 medium and phosphate buffer were used as described previously the CC101-CC106 FЈ lacZ reversion system (Cupples and (Kobayashi et al., 1998; Obata et al., 1998) . The amino acids proline, . As shown in Figure 1 , a strain that lacks both threonine, leucine, histidine and arginine (each at 100 µg/ml) were included endoIII and endoVIII specifically stimulated the G:C→A:T if necessary in M9 medium, minimal glucose plates and minimal lactose plates. Nalidixic acid (Nal), streptomycin (Sm), ampicillin (Ap) and chloramtransition. This stimulation was also seen in the nth allele, and Weiss, 1985) demonstrating that nth or nth nei mutants Akasaka et al. (1992) ; in this case pZ189 was used instead of pTN89. showed a weak mutator phenotype of G:C→A:T transitions. mutations occurred in the forward mutation system in NKJ1004 a Data from Akasaka et al. (1992) ; in this case pZ189 was used instead of (nth nei) cells.
pTN89.
Inactivation of double-stranded plasmid DNA by OsO 4
The double-stranded DNA of plasmid pTN89 was treated with Sequence specificities of spontaneous and 1% OsO 4 -induced 0, 0.5 or 1.0% OsO 4 at 65°C for 10 min. OsO 4 can react with supF mutations in NKJ1004 cells thymine and thymine glycol constitutes 85% or more of the We collected 47 spontaneous and 65 OsO 4 -induced supF modified thymines (Dizdaroglu et al., 1986) . To confirm the mutants and the specificity was determined by DNA sequenformation of endoIII-sensitive sites, including thymine glycol, cing. The sequence alterations detected are summarized in in these treatments we digested plasmids with E.coli endoIII, Tables I and II . In both cases, Ͼ90% of mutations were base separated the products on 0.7% agarose gels and observed the substitutions. mutations at A:T sites were observed. In both cases, G:C→A:T transition was the most common base substitution, accounting OsO 4 -induced mutagenesis in NKJ1004 cells for 45% of spontaneous and 61% of OsO 4 -induced supF supF mutations were monitored in NKJ1004 cells. The plasmid mutations. Base substitutions in NKJ1004 constituted 94% of pTN89 carrying the supF gene was treated with 0, 0.5 the spontaneous and 91% of the OsO 4 -induced supF mutations and 1.0% OsO 4 and transfected into NKJ1004 cells. The (Table I ). The frequency of G:C→A:T transition in NKJ1004 transformants were cultured in LB broth containing Ap overwas, therefore, 3.03ϫ10 -7 ϫ0.94ϫ0.45 ϭ 1.28ϫ10 -7 for sponnight. The plasmids were extracted from individual overnight taneous cases and 8.25ϫ10 -7 ϫ0.91ϫ0.61 ϭ 4.58ϫ10 -7 for cultures and supF mutants were selected using the KS40/ OsO 4 -induced cases. A predominance of mutations at G:C pOF105 system (Obata et al., 1998) . supF mutation frequencies sites was also seen in spontaneous supF mutations in wildfor 0, 0.5 and 1.0% treatment were 3.03 Ϯ 2.65ϫ10 -7 , 5.85 type E.coli (Table II; ref. 31) . However, in the wild-type strain, Ϯ 1.04ϫ10 -7 and 8.25 Ϯ 3.06ϫ10 -7 , respectively. Thus, 1% G:C→T:A was predominant (46%), followed by G:C→C:G OsO 4 can induce~2.7-fold supF mutation in NKJ1004. supF (27%) and G:C→A:T (12%). The frequency of G:C→A:T mutation frequency in the nth ϩ nei ϩ strain KS40 was 3.06ϫ transition was 3.06ϫ10 -7 ϫ0.64ϫ0.12 ϭ 0.24ϫ10 -7 . Thus, nth 10 -7 (Akasaka et al., 1992) . Thus, as far as supF mutation is nei stimulates G:C→A:T transitions. Figure 3 shows the site distribution of base substitution concerned, NKJ1004 is not even a weak mutator. et al. (1985) . mutagenesis in NKJ1004 in the supF gene of pTN89. There concluded that thymine glycol is not a major premutagenic lesion. were no marked differences in site distribution between sponAlthough we found no evidence for mutagenesis at thymine taneous and OsO 4 -induced supF mutations in NKJ1004. In glycols, we characterized the weak mutator phenotype of the both cases, base substitutions occurred at four mutational hot nth nei double mutant. DNA sequence analysis of spontaneous spots (positions 133C, 156G, 159G and 160G) .
forward mutations in the supF gene showed that the common base change in this strain was a G:C→A:T transition ( Table  Discussion  II) . Essentially the same mutagenic specificity was observed OsO 4 reacts with thymine bases in DNA and thymine glycol for OsO 4 -induced forward mutation of the supF gene, which accounts for Ͼ85% of modified thymines (Dizdaroglu et al., again gave G:C→A:T transitions (Table II) . Finally, reversion 1986). Several previous studies have shown that thymine of the F episome mutant lacZ system in the nth nei strain glycol exhibits lethality in vitro (Ide et al., 1985; Clark and stimulated only G:C→A:T transition (Figure 1 ). In the FЈ Beardsley, 1989). Thymine glycol is repaired by E.coli endoIII experiment, we demonstrated that the nth defect alone showed and endoVIII, which are encoded by the nth and nei genes, a G:C→A:T transition mutator effect but the nei defect alone respectively. A strain defective in both nth and nei is hypersensdid not (Figure 1 ). Similar results that nth nei is a G:C→A:T itive to X-rays and hydrogen peroxide. Therefore, thymine transition mutator and OsO 4 can induce G:C→A:T transitions glycol has been suggested to be lethal in vivo (Jiang et al., were reported previously (Jiang et al., 1997a; Saito et al., 1997a; Saito et al., 1997) . We found that OsO 4 -treated plasmids 1997; Hayes et al., 1988) . showed lower transfection efficiency in NKJ1004 (nth nei)
Cytosine glycol is a second major product of OsO 4 (Dizdarothan the wild-type strain (Figure 2 ), indicating that inactivation glu et al., 1986) , which is unstable and dehydrates to form 5-of the plasmid DNA by OsO 4 treatment is due to thymine OHC or deaminates to form uracil glycol, which can also glycol.
dehydrate to form 5-OHU. 5-OHC is known to mispair with We assessed the mutability of thymine glycol using a nth adenine in vitro . Uracil glycol and 5-nei double mutant E.coli host totally deficient in thymine OHU pair with adenine (Purmal et al., , 1998 . As uracil glycol glycosylases and a double-stranded plasmid carrying glycol and 5-OHU are derived from cytosine, they are expected the supF gene as a target. As shown in Table II, base to be potent mutagenic lesions leading to G:C→A:T transitions. substitution mutations induced in OsO 4 -oxidized DNA showed 5-OHC, uracil glycol and 5-OHU are recognized and removed G:C→A:T, G:C→C:G and G:C→T:A, and no mutations were by endoIII and endoVIII (Jiang et al., 1997b; Hatahet et al. , observed at thymine sites. The strong bias at cytosine sites 1994). These biochemical characteristics of endoIII and endowas also seen in spontaneous base substitutions of supF in VIII can be used to interpret the G:C→A:T mutator phenotype NKJ1004 cells (Table II) . Hayes et al. (1988) previously of the nth mutant and the nth nei double mutant. As shown in demonstrated that OsO 4 -treated single-stranded M13 DNA Figure 1 , the single nei mutant showed an increase in G:C→A:T transfected into wild-type E.coli showed a bias for occurrence transitions. On the other hand, amplified amounts of endoVIII at cytosine sites rather than thymine sites. Thus, in forward can suppress the G:C→A:T mutator phenotype of the nth nei mutation assay systems, OsO 4 -induced base substitutions show double mutant (Saito et al., 1997) . Thus, in the nei mutant, a bias mainly toward cytosine sites but not thymine sites in endoIII is present at levels more than sufficient to repair the the wild-type as well as nth nei strains. Essentially the same 5-OHC, uracil glycol and 5-OHU which lead to G:C→A:T results that nth nei double mutation does not stimulate A:T transitions. It was shown previously that most of the thymine site mutations but stimulates only G:C→A:T transitions were glycol glycosylase activity in E.coli is due to expression of obtained using the F episome of CC101-CC106 in NKJ2004 endoIII, and 10-40% to endoVIII (Cunningham and Weiss, cells (Figure 1 ). These results indicate that lesions other than 1985; Saito et al., 1997) . Thus, the G:C→A:T transitions thymine glycol are responsible for the spontaneous and OsO 4 -observed in spontaneous and OsO 4 -induced mutants were due to oxidized cytosines such as 5-OHC, uracil glycol and 5-OHU. induced mutagenesis in NKJ1004 and NKJ2004. We thus
